Abstract
Introduction
The ␤2-adrenoceptor (␤2-AR), a member of the seven-transmembrane receptor family, is encoded by a gene on chromosome 5 and widely distributed in the respiratory and cardiovascular systems [1] . Because of their involvement in a large number of physiological and pathological processes, ␤2-AR has been subject to intensive investigation and represents an important target for current pharmacological intervention. Prolonged stimulation of ␤2-AR often results in its internalization into endosomes to prevent ␤2-AR overstimulation [2] . Furthermore, ␤2-AR internalization is also involved in the regulation of receptor signalling, including signal termination and propagation and receptor re-sensitization [3, 4] . [5] . To 
Prolyl hydroxylases (PHDs) belong to the superfamily of 2-oxoglutarate-Fe (II)-dependent dioxygenases. They act as important oxygen sensors in vivo and respond to many intracellular signals, including reactive oxygen species, nitric oxide and certain metabolites

cells. Previous studies reveal that PHD2 inactivation severely disrupts normal murine embryonic development, resulting in embryonic lethality, whereas PHD1
Ϫ/Ϫ and PHD3 Ϫ/Ϫ mice are still viable [6] . PHD1 Ϫ/Ϫ or PHD3 Ϫ/Ϫ mice do not display apparent erythropoiesis defects; however, conditional somatic inactivation of PHD2 causes polycythemia in mice, similar to hypomorphic PHD2 mutations in human beings [7, 8] . These evidence implicate that PHD2 as playing a crucial role in basal physiological conditions. ␤2-AR abundance, sympathetic nerve activity and catecholamine release have been reported to be modulated by oxygen state [9, 10] . Because PHDs are crucial oxygen sensors that transmit O2-responsive signals through the modification of target proteins [11] , we postulated that PHDs may play an important role in the regulation of ␤2-AR signalling. In the present study, we mainly investigated the role of PHDs in ␤2-AR internalization.
Materials and methods
Plasmids and plasmid construction
The ␤-arrestin 1 and ␤-arrestin 2 plasmids were generously provided by Dr. Robert J. Lefkowitz 
Receptor internalization assay
The ␤2-AR internalization assay was performed as previously described [12] 
Small interfering RNA (siRNA) preparation and transfection
To screen for the effective siRNAs, candidate siRNA sequences for each PHD enzyme were selected as previously described [13, 14] Fig. 2A . The PHD2⌬MYND and PHD2⌬CD mutant proteins were mainly distributed in the cytosol (Fig. 2B) , similar to the cellular distribution of full-length PHD2 [16] . PHD2⌬MYND overexpression retarded ␤2-AR internalization as efficiently as full-length PHD2 overexpression. In contrast, PHD2⌬CD overexpression had no effect on ␤2-AR internalization upon receptor stimulation (Fig. 2C) [17] . ␤2-ARs are phosphorylated by GRKs. Then, ␤-arrestin 1 and 2 bind to the phosphorylated ␤2-AR on the plasma membrane and co-internalize with ␤2-AR into the cytosol [18] . The GRK subtypes, GRK2, 5 and 6, have been reported to participate in the regulation of ␤2-AR internalization [19] . However, we did not detect PHD2-GRKs association irrespective of agonist addition (Fig. S4) . When PHD2 was coexpressed with ␤-arrestin 1 or ␤-arrestin 2, PHD2 was found to be immunoprecipitated by ␤-arrestin 2 but not ␤-arrestin 1 (Fig. 3B) . ␤-arrestin 2 specifically pulled down PHD2⌬MYND but not PHD2⌬CD (Fig. 3C) . Moreover, we detected an endogenous association between PHD2 and ␤-arrestin 2 in ␤2-AR-293 cells (Fig. 3D ) and neonatal rat cardiomyocytes (Fig. 3E) .
The endogenous PHD2-␤-arrestin 2 association prompted us to determine whether it was a direct interaction. For this purpose, we generated and purified recombinant PHD2 and ␤-arrestin 2 proteins. GST pull-down assays indicated that PHD2 could interact with ␤-arrestin 2 under cell-free conditions (Fig. 3F) , suggesting that PHD2 directly interacts with ␤-arrestin 2. Taken together, these results reveal that PHD2 interacts with ␤-arrestin 2 via the CD domain.
PHD2 hydroxylates ␤-arrestin 2, thereby affecting ␤ 2 -AR internalization
PHD2 is an important oxygen sensor that modifies the corresponding target proteins through its hydroxylase activity [5] . Hypoxia condition or dimethyloxalyglycine (DMOG) treatment resulted in the inhibition of PHD activity, and in turn obviously accelerated ␤2-AR internalization compared with the cells cultured under nomoxic conditions, suggesting that PHD activity plays a negative role in the regulation of ␤2-AR internalization (Fig. 4A) 
(B) Each GFP-tagged PHD2 mutant was transfected into ␤2-AR-293 cells for 48 hrs. The localization was analysed by confocal microscopy. A representative image is shown. (C) ␤2-AR-293 cells were transfected with GFP (control), PHD2-GFP, PHD2⌬MYND-GFP or PHD2⌬CD-GFP for 48 hrs. Receptor internalization was quantified at 5 and 30 min. after ␤2-AR stimulation. Experiments were performed in triplicate, and the graph represents the mean Ϯ S.E.M. (n ϭ 4). Asterisk (*) denotes the value that is significantly different from controls (P Ͻ 0.05). Because ␤-arrestin 2 directly interacts with PHD2, it is essential to test whether it is directly hydroxylated by PHD2. ␤-arrestin 2 was purified from agonist-simulated ␤2-AR-293 cells (cultured at 21% or 1% O2) using an alprenolol-Sepharose affinity resin, digested with trypsin and analysed by LC-MS. As shown by a ϩ16-dalton mass shift, which is indicative of hydroxylation, three hydroxylated proline (Pro) residues (Pro 176 , Pro 179 and Pro
181
) were identified on the peptide corresponding to ␤-arrestin 2 (172-189) (Fig. 4C and D) . However, ␤-arrestin 2 hydroxylation was not detected once the hydroxylase activity of PHD2 was inhibited by hypoxic treatment.
PHD2 retards ␤-arrestin 2 recruitment to the plasma membrane and subsequent internalization of ␤ 2 -AR
The process of ␤-arrestin 2-mediated ␤2-AR internalization involves the initial translocation of ␤-arrestin 2 to the plasma membrane, the subsequent formation of the membrane cluster, and ␤-arrestin 2/␤2-AR co-internalization into the cytosol [19] . To determine how PHD2 affected ␤-arrestin 2 movement, we monitored the agonist-dependent trafficking of ␤-arrestin 2-GFP in ␤2-AR-293 cells in response to receptor activation (Fig. 5A) . Fig. 1A , namely that PHD2 retards ␤2-AR internalization. During the experiment, Western blots revealed that PHD2 expression level had no effect on the endogenous ␤-arrestin 2 expression (Fig. 5C ). Taken together, these results suggest that PHD2 delays ␤2-AR internalization by retarding the recruitment of ␤-arrestin 2 to the plasma membrane and its subsequent co-internalization with ␤2-AR. 
Membrane clusters were detected as early as 1 min. after the addition of ISO. Compared to the control group, PHD2 overexpression exhibited delayed formation of membrane clusters (34.44% Ϯ 1.92% versus 25.56 Ϯ 3.85%, Fig. 5B). The differences in internal clusters were first observed at 10 min., with a greater internalization percentage in control cells than in PHD2-overexpressing cells (28.89 Ϯ 3.85% versus 20 Ϯ 3.33%). The greatest internalization percentages (46.67 Ϯ 3.33% versus 33.33 Ϯ 3.33%) were observed at 40 min. for both the control and PHD2 overexpressing cells, but the value is significantly higher in control cells. These results support and strengthen the findings observed in
. Western blots were performed with the antibody against FLAG (for ␤-arrestin 2) or GFP (for PHD2 and truncated mutants). (D, E) The cell lysate of ␤2-AR-293 cells or neonatal rat cardiomyocytes was subjected to immunoprecipitation with anti-IgG or anti-PHD2 antibody, respectively. The immunoprecipitates were then blotted with the indicated antibodies. (F) Purified PHD2 protein was incubated with an equal amount of GST or GST-␤-arrestin 2 coupled to GSH-Sepharose. Proteins retained on Sepharose were then detected with the indicated antibodies. A representative image is shown.
Discussion
PHDs are a group of enzymes that includes collagen hydroxylases and members of the ␣-ketoglutarate-dependent dioxygenase [5] . [20] [21] [22] [23] . Besides [24, 25] . A recently described isobaric tags for relative and absolute quantitation (iTRAQ) proteome approach has additionally led to the suggestion that proteins related to the cytoskeleton are regulated as a function of PHD2 [26] . [11] . PHD3 interacts directly with ␤2-AR to serve as an endogenous ␤2-AR PHD. Under hypoxic conditions, receptor hydroxylation and subsequent ubiquitylation decrease dramatically, thus attenuating receptor degradation and down-regulation. The finding first elucidated the relationship between PHD3 and ␤2-AR and provided considerable molecular and biochemical data to demonstrate a potential role of PHD3 in the regulation of ␤2-AR signalling.
They use oxygen, ␣-ketoglutarate and a prolyl residue as substrates and act as important oxygen sensors in vivo. Most PHD studies are related to HIF proteins, which are tightly controlled by the hydroxylase activity of PHDs
. In normoxic conditions, PHD activation results in rapid degradation of HIF-1␣ or HIF-2␣ protein
Xie et al. also extended the role of PHDs to arenas beyond HIF biology and demonstrated that the increase in ␤2-AR abundance during hypoxia is not mediated by HIF transcriptional effects but instead is conferred by post-translational modifications induced by PHD3
PHD3 is only expressed in cardiac and neural tissue under nonstressed conditions, whereas PHD2 is constitutively expressed in cells and tissue [5] . The cardiovascular phenotypes of postnatal PHD2 knockout mice include dilated cardiomyopathy and vascular abnormalities [6, 7] , but cardiac structural abnormalities were not reported in PHD3 knockout mice, implying that PHD2 may play a greater role especially in normal physiological conditions. In the current study, we identified a novel role for PHD2 in modulating the internalization of ␤2-AR. ␤-arrestin 2 functions as an endocytic adaptor to promote receptor concentration in clathrin-coated pits. It is, thus, an important component of ␤2-AR internalization machinery. PHD2 directly interacts with ␤-arrestin 2 protein and affects ␤-arrestin 2 trafficking which in turn changes the rate of ␤2-AR internalization. To our knowledge, the present results are the first to identify that ␤-arrestin 2 is a non-HIF hydroxylation target of PHD2. ␤2-AR abundance is tightly associated with ␤2-AR signalling responsiveness. PHD2 or PHD3 knockdown did not affect ␤2-AR abundance (Fig. S2 and S5) , suggesting that the change of ␤2-AR internalization is caused by the modification of ␤-arrestin 2 but not of ␤2-AR itself. Previous study revealed that PHD3 knockdown leads to a significant increase in ␤2-AR expression [11] . The following reason is likely to explain the discrepancy between Xie's results and our result. ␤2-AR expression was detected in the same cell line, however, these cell lines were constructed by different labs. Thus, the level of endogenous ␤2-AR expression may vary greatly. ␤2-AR expression is regulated by multiple genetic factors, thus PHD3 knockdown alone may not be enough to change ␤2-AR expression.
␤-arrestin interacts with a number of proteins, such as clathrin, adaptor protein 2 (AP2), phosphoinositides, GTPase-activating proteins and guanine nucleotide exchange factors, to form a complex that mediates ␤2-AR internalization. Phosphoinositide 3-kinase (PI3K) has been reported to alter the rate of ␤2-AR internalization by affecting the formation of these complexes [19] . Our study reveals a novel mechanism that regulates ␤2-AR internalization (i.e. the hydroxylation of ␤-arrestin 2 by PHD2). Interestingly, PI3K activity increases in a load-dependent manner in failing human hearts, and inhibition of the interaction between GRK2 and PI3K restores contractility in human beings and ameliorates the development of murine heart failure [27] . The mechanism for the restoration of function is likely due to the redistribution of down-regulated receptors in the plasma membrane [28] . It is possible that interference of PHD2 function may have an effect similar to PI3K in the treatment of heart failure, which must be verified in future research.
Post-transcriptional hydroxylation plays a great role in protein stability and protein-ligand interactions [29] . The idea is that it is far easier to create a spectrum of slightly different proteins by taking one basic protein scaffold and then fine-tuning or entirely switching its properties than to constantly transcribe new 
